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Abstract  —  The design and the radiation performances of 
a novel hybrid Energy Harvesting (EH) and wireless 
communication system based on a quarter-wave patch 
antenna with integrated modules for EH applications are 
documented in this paper. A Thermo-Electric Generator 
(TEG) and a Solar Cell (SC) are used in order to harvest 
concurrently thermal and solar energy providing a hybrid 
EH system. The antenna, with the harvesting modules 
stacked on it, operates in the Industrial, Scientific and 
Medical (ISM) frequency band 2.4-2.48 GHz showing a 
reflection coefficient below the -10 dB and a maximum gain 
of about 2.6 dB. The antenna can be used for wireless 
communication or, alternatively, to perform Electro-Magnetic 
(EM) energy scavenging by mounting a voltage rectifier at its 
terminals. 
Index Terms — Patch antennas, TEG, Thermal energy, 
Solar energy, Energy harvesting, Wireless sensor networks. 
I. INTRODUCTION 
The fast development of Ubiquitous Electronics (UE), 
mostly related to the Internet of Things (IoT) paradigm is 
stimulating a great interest in autonomous systems. Key 
aspect of the present IoT evolution, in fact, is the massive 
deployment of electronic systems in the surrounding 
environment. Unlike conventional Wireless Sensor 
Networks (WSNs) where sensor nodes are specifically 
conceived to provide a limited set of data, usually in fixed 
and well known positions, sensor placed on objects are in 
principle released anywhere, which makes the amount of 
available energy highly dependent on the position of the 
object. The consequence of this is that energizing the 
sensor node can be harder than usual, thus self-
sustainability of electronic systems become vital for the 
implementation of the whole distributed system. In order 
to relieve this issue, considering the limited and variable 
nature of ambient energy sources, several works have 
proposed the so called hybrid Energy Harvesting (EH) [1-
3], i.e. the capability of a system to collect energy from 
several energy sources concurrently. 
This paper proposes a step ahead compared to the 
antenna with thermal scavenger presented in [4]. In [4] 
design and tests of an antenna for wireless 
communications that integrates a Thermo-Electric 
Generator (TEG) [5] were shown. Here a flexible Solar 
Cell (SC) [6], in order to perform solar scavenging, is 
incorporated in the TEG antenna structure of [5] in order 
to obtain a hybrid solar/thermal energy scavenger. In [3] is 
was already discussed the negligible impact that the SC 
may have on the Electro-Magnetic (EM) performance of 
the antenna if adequately placed. The proposed antenna 
can also be used to perform EM scavenging by introducing 
a voltage rectifier and thus considering an additional 
source of energy. Design, realization and preliminary EM 
test are carried out to verify the compatibility of each 
scavenger with the whole system. 
 
Fig. 1. Antenna, TEG and solar cell stack (exploded view). 
The TEG is on the top of the patch antenna and the solar cell is 
positioned on top of the TEG. The TEG top and bottom layer are 
the hot and the cold sides, respectively. 
II. DESIGN 
In order to design a highly integrated hybrid system able 
to provide both EH and wireless communication 
capabilities, reducing their mutual interferences, a stacked 
solution, like that one showed in Fig. 1, is adopted. This 
solution allows managing in a good way the ambient 
energy that must be harvested. Assuming that the sun is 
located in front of the SC, the solar rays hit the SC that 
consequently harvest solar energy and warms up. The heat 
generated by the SC is transmitted to the TEG hot side in 
direct contact with the SC.  Remembering that the TEG is 
able to generate voltage only if a temperature gradient is 
applied between its two sides (the hot and the cold side), 
the cold side is put in direct contact with the patch and, 
therefore, with the ground plane by means of the shorting 
vias of the antenna: in this way the cold side of the TEG, 
the patch antenna and the ground are thermally connected 
and maintained to the lowest temperature possible. The 
stacked structure avoids the exposure of the cold side of 
the TEG and the patch to the solar rays as they are covered 
by the TEG, and also avoids the exposure of the ground 
plane as it is covered by the substrate material (Fig.1). In 
order to improve the thermal performance, a heat-sink can 
be connected to the antenna ground reducing its warm up 
due to the heat transmission from the hot side to the cold 
side of the TEG due to its internal low thermal resistance. 
The antenna topology adopted is the same as the one 
proposed in [4]. It is a quarter-wave patch antenna and the 
fundamental advantages are: 
 a planar structure on which the TEG can be 
assembled by means of thermal paste or thermal 
conductive adhesive; 
 the possibility to insert through-vias which act as 
shorting walls and, at the same time, allow to 
thermally connect the TEG cold side to the antenna 
ground; 
 the possibility to fix the overall antenna dimensions 
and consequently control the antenna resonance 
frequency by varying the effective length of the 
patch by means of the shorting vias. 
The design of the antenna and its optimization is 
performed by means of a full-wave EM simulator. A 
simple TEG EM model [4] is adopted in order to take into 
account the EM effects of the TEG on the antenna 
radiation properties. The non-tunable dimensions that 
affect the radiation characteristic of the antenna are its 
width and the conductive hot side of the TEG that acts like 
a parasitic patch. The integration of the SC with the 
antenna structure was done aiming at minimizing its effect 
on the antenna performance as in [3]. 
 
Fig. 2. Comparison of the simulated and measured antenna 
reflection coefficients for the TEG antenna and for the SC/TEG 
antenna. 
The antenna substrate is FR4 with a thickness of 3.2 
mm, a relative permittivity of 4.4 and a loss tangent of 
0.025. The final antenna dimensions are: the width, w, is 
35 mm, the total length of the patch considering the 
shorting vias, lT, is 35 mm, the length of the only radiating 
element (between the edge of the antenna and the first row 
of vias used to short it), l, is 13 mm, and the feed distance 
from the edge of the antenna, d, is 7.8 mm. The width and 
the total length are the same of the TEG, in this way the 
antenna is completely covered by it. 
III. MEASUREMENTS AND RESULTS 
A. Reflection Coefficient 
A Vector Network Analyzer (VNA) Agilent E8361A 
calibrated with the SOLT calibration kit Agilent 85052D 
was used to measure the reflection coefficient of the 
prototype. The measurements for the TEG antenna and for 
the SC/TEG antenna are plotted in Fig. 2. 
From Fig. 2 one can see that the simulations of the 
antenna with the TEG present an additional resonance 
peak in comparison with the measurements. This 
difference is attributed to the use of a simplified TEG EM 
for the simulations. The presence of the SC introduces 
small variations that do not affect the overall antenna 
performance [3]. Fig.2 shows that S11 is below -10 dB in 
the entire ISM frequency band. 
B. Radiation Pattern 
The radiation patterns of the antenna were measured in 
an anechoic chamber. The entire system under test, the 
antenna with the TEG and the SC, are show in Fig. 3. 
 
Fig. 3. Antenna ready for the measurement in the anechoic 
chamber. 
 
The radiation patterns of the TEG/SC antenna are 
compared with the one of the TEG antenna. The gain 
radiation patterns for the cross- and co-polarizations on the 
H-plane and the E-plane are plotted in Fig. 4 and 5, 
respectively. As it can be observed only small differences 
are introduced by the presence of the SC. In particular, a 
symmetry reduction in the H-plane radiation patterns in the 
TEG/SC antenna which is attributed to the presence of the 
metal contact on left side of the SC observable in Fig. 3. In 
the case of antenna with TEG and SC the maximum value 
obtained is 2.6 dB. The tilted E-plane radiation pattern is 
due to the quarter-wave topology antenna. 
IV. CONCLUSION 
This work describes the design and reports the EM 
performances of an integrated and hybrid system for EH 
and wireless communication. The wireless communication 
is allowed by a quarter-wave patch antenna working in the 
ISM frequency band 2.4-2.48 GHz, while a TEG and a SC 
stacked on the antenna can be used to perform thermal and 
solar EH respectively. The antenna, if provided with a 
voltage rectifier, can also be used to perform EM EH 
increasing the amount of sources from which to harvest 
energy. The antenna performance is measured considering 
the presence and absence of the SC, showing that only 
small differences are introduced by the SC. The measured 
reflection coefficient is below the -10 dB for all the 
analyzed cases and the maximum measured gain for the 
TEG/SC antenna is 2.6 dB. 
 
 
Fig. 4. Comparison of the measured antenna radiation pattern 
on the H-plane in the case of the only TEG and the TEG plus the 
solar cell. 
 
Fig. 5. Comparison of the measured antenna radiation pattern 
on the E-plane in the case of the only TEG and the TEG plus the 
solar cell. 
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